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A covariant quantum geometry defined by noncommuting position operators is proposed to de- 
scribe possible new quantum geometrical degrees of freedom of position of massive bodies, excluding 
all standard particle degrees of freedom. In the rest frame of a body, the algebra of position operators 
resembles the standard quantum algebra of angular momentum, but with position and a Planckian 
length Ip m the place of angular momentum and Planck constant fi. Standard quantum mechanics 
then leads to a new kind of geometrical uncertainty in transverse position with variance given by 
{x\) = Lip at separation L, and associated fluctuations with timescale r ~ L/c. To approximate 
classical locality in the macroscopic limit, position states must be entangled, and fluctuations of 
neighboring bodies must be correlated, simply by proximity. The number of eigenstates agrees with 
entropic gravity if = ctp/^/An, where ctp = ^ TxG jc? denotes the standard Planck length. The 
theory and its physical interpretation can be tested by correlating signals between appropriately 
configured Michelson interferometers. 



INTRODUCTION 

The Standard Model of particles and fields is formu- 
lated using quantum field theory, based on quantized 
matter fields embedded in a classical background geom- 
etry. The model proposed here develops a complemen- 
tary approximation, based on classical matter embedded 
in a quantum geometry. The model cannot describe el- 
ementary particles, but may be a better, fully consis- 
tent quantum description for the macroscopic position 
states of massive bodies. Gravitational theory suggests 
that the geometrical quantum system has a finite infor- 
mation density of one qubit per Planck length squared, 
(ctp)^ = TiG/c^ . If so, the model here predicts that the 
uncertainty of quantum geometry leads to a new form of 
noise detectable in interferometers. 

The seemingly simple concept of the position of a body 
in space and time is surprisingly difficult to pin down pre- 
cisely. Indeed, no exact reconciliation is known between 
the different concepts of position in relativity and quan- 
tum mechanics [U [2]. Classical geometry is based on a 
pre-quantum notion of position: a space-time metric de- 
scribes intervals between idealized, point-like events on 
a continuous manifold, with positions labeled by real 4- 
vectors in some system of coordinates. In quantum me- 
chanics, positions of particles or bodies, like all observ- 
ables, are defined by interactions and described by opera- 
tors, and do not have definite values in a general quantum 
state. [5] Classical geometry is based on the idea of local- 
ity, but it can only be measured with quantum processes 
that do not happen in a definite time or place. There 
is no physical way to compare the positions of classically 
defined events — which raises doubts about whether there 



even is such a thing as a definite time or place. 

Quantum field theory — the basis of the Standard 
Model of particles and fields — provides a practical so- 
lution, based on quantization of infinitely extended wave 
modes in classical space-time. This approximation be- 
comes inconsistent for dynamical geometry on scales 
smaller than the Planck length; it predicts spontaneous 
quantum fluctuations into black holes with quantum po- 
sition indeterminacy larger than their Schwarzschild ra- 
dius, so the geometry itself must be indeterminate. How- 
ever, it is self-consistent at low energies, where Planck 
scale effects are highly suppressed, and is generally used 
as the low energy limit for string theory and other candi- 
date fundamental theories [4j. Its predictions agree with 
all experiments on elementary particles. 

On the other hand this approach is still incomplete, 
since does not explain the emergence of classical geome- 
try as an approximate behavior in the macroscopic limit 
of a quantum system. Classical spatial relationships, in- 
cluding notions of position, direction, and locality, should 
not simply be assumed, but should be explained as an av- 
erage behavior of large systems. [S] In principle, the states 
of the system may include new quantum-geometrical de- 
grees of freedom and forms of quantum position entan- 
glement not possible with quantized fields on a classical 
background, or even with a quantized dynamical metric. 

A simple theory of quantum geometry with these prop- 
erties is proposed here. It ignores all standard quantum 
degrees of freedom, as well as gravity and the effects of 
quantum fields. Instead, it is a quantum theory of posi- 
tion that includes only new geometrical degrees of free- 
dom. Position is represented as a set of operators with a 
covariant algebra. Basic quantum mechanical principles 
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then lead to an effective theory that produces a quahta- 
tively new form of quantum indeterminacy of position on 
macroscopic scales. 

The new geometrical degrees of freedom are intro- 
duced using a noncommutative quantum algebra of po- 
sition operators. The commutator differs from previous 
noncommutative geometries [Hj: to preserve covariance, it 
depends on position and 4-velocity, instead of an intro- 
duced auxiliary field. As a result, quantum departures 
from classicality explicitly (albeit very slightly) depend 
on the choice of measurement frame. Quantum positions 
approximate classical ones in the macroscopic limit — lo- 
cality "emerges" from the quantum system — but a new 
quantum-geometrical uncertainty leads to a new kind of 
coherent, transverse quantum fluctuation in macroscopi- 
cally separated positions. 

In contrast to previous effective theories with similar 
behavior [7], the theory proposed here is fixed just by ba- 
sic principles of covariance and quantum mechanics, and 
is not derived from any particular microscopic theory. 
Although it is connected to new Planckian physics, it is 
not assumed to apply in this form at the Planck scale; 
rather, it is a hypothesis, in the form of a quantum me- 
chanical theory, about how attributes of position might 
depart slightly from classical behavior in the macroscopic 
limit. 

Thought experiments including gravity suggest that 
states of quantum geometry may be nonlocal and holo- 
graphic, with a countably finite Planckian information 
content defined on 2D boundaries, and that gravitation — 
classical space-time dynamics — may be an emergent sta- 
tistical behavior of the quantum svstem.[5HTP] The the- 
ory here does not extend to curved geometry; in statis- 
tical language, it treats only the zero temperature case. 
Although the geometry is a quantum system, there is 
no "quantum gravity" in this theory, since curvature de- 
grees of freedom are not quantized. However, it is nat- 
ural to normalize the theory to agree with the Planck- 
ian information content suggested by low-energy gravity. 
The quantum fluctuations can then be predicted with no 
free parameters or numerical ambiguity. They are both 
consistent with current experimental constraints, and de- 
tectable with current technology. 

The physical quantity identified with the position oper- 
ator here is the mean position of an assembly of matter, 
which in keeping with classical use is called a "body". 
This concept does not have a clear microscopic mean- 
ing, but has a clear macroscopic physical interpretation 
according to the usual meaning of position in the clas- 
sical limit. The theory here is based on this emergent 
behavior, rather than a bottoms-up derivation from a 
fundamental theory. No attempt is made here to relate 
quantum geometry to a more fundamental theory, such 
as string theory, apart from the normalization based on 
holographic ideas. As shown below, the approach taken is 
self-consistent because the spatial locality used to define 



the assembly of particles emerges with increasing preci- 
sion on macroscopic scales. 

Unlike familiar quantum mechanical systems, the com- 
mutator considered here does not depend on the mass of 
the body. As shown below, the new geometrical uncer- 
tainty dominates over standard quantum-mechanical un- 
certainty for collections of particles more massive than a 
few Planck masses. The theory here, which neglects stan- 
dard quantum mechanical degrees of freedom, serves as 
a self-consistent approximation for a quantum theory of 
systems that are both much larger than a Planck length 
in size, and much larger than a Planck mass in total en- 
ergy. It cannot serve as a theory of elementary particles, 
but may be a better approximation than quantum field 
theory for positional degrees of freedom in macroscopic 
systems. 

This possibility can be tested in experiments. The new 
effects of geometrical degrees of freedom are too small to 
detect in particle experiments, but may be accessible via 
very precise macroscopic position measurements. 

THEORY 

Requirements for macroscopic quantum geometry 

The goal is to write down an effective theory that can 
describe new quantum-geometrical degrees of freedom. 
The theory below satisfies a number of nontrivial con- 
straints, summarized here: 

1. It must be consistent with what we know about 
classical geometry. In particular, it must satisfy 
Lorentz covariance. The approach taken here is 
to start with an algebra of position operators that 
transforms in a covariant way, and interpret them 
as quantum deviations of positions of massive bod- 
ies from their classical values. 

2. It must be a consistent quantum theory. For exam- 
ple, the operator algebra must satisfy Jacobi identi- 
ties. The approach taken here is based on a familiar 
algebra known to have this property. 

3. It must be consistent with field theory, to adequate 
precision. In the approach here, a radial separation 
operator commutes with position in any direction. 
Thus, unidirectional plane wave modes in any di- 
rection propagate along an effectively classical di- 
mension. For the same reason, a classical causal 
structure based on light cones can be defined for 
any observer. 

4. The quantum system should have a holographic 
density of states — that is, the number of geometri- 
cal eigenstates in a volume equals the surface area 
in Planck units. In this case the geometrical states 
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can be identified with the microstates needed for 
a thermodynamic formulation of General Relativ- 
ity, or entropic Newtonian gravity. In the approach 
here, this requirement fixes the normalization of the 
noncommutative algebra. 

5. The macroscopic limit must be consistent with 
emergence of approximate locality. As explained 
below, this requirement is met if position states of 
nearby bodies are entangled. 

6. It must be consistent with current experiments. As 
it turns out this is true, but not by a large mar- 
gin: it makes nontrivial new predictions that can 
be tested. 

Covariant Noncommutative Geometry 

Suppose that the position of a body in each direction 
H is a quantum observable, represented by a self-adjoint 
operator . The commutators of these operators repre- 
sent the quantum deviations of a body from a classical 
trajectory. The body is assumed to be massive enough 
that we ignore the conventional position commutators — 
the usual quantum effects associated with its motion. To 
describe the quantum geometry, we posit the following 
commutators relating positions in different directions: 

[x^,Xt,] ^ x'^U^e^^i^xilp, (1) 

where indices /i, i^, k, A run from to 3 with the usual 
summation convention, f/^ = x^ /c\/ jsaX" represents an 
operator for the dimensionless 4-velocity of the body 
(normalized to preserve reparametrization invariance, 
where x = dx/dr and r denotes proper time), and e^^^x^ 
is the antisymmetric 4-tensor. 

The departure of positions from classical behavior — 
the commutator — depends on position and 4-velocity in 
a specific and unusual way. The explicit form of depen- 
dence adopted in Eq. ([T]) on position and velocity is driven 
by the requirement of covariance. The quantum commu- 
tator of two vectors requires two antisymmetric indices 
that must be matched by indices on the right side. Thus 
we require a nonvanishing antisymmetric tensor, which 
in four dimensions has four indices, e^^Xn- Two of its 
antisymmetric indices match those of the noncommuting 
positions. The other two must contract with two different 
vectors to avoid vanishing. The unique geometrically de- 
fined options are the 4-velocity and position of the body 
being measured. 

In the limit tp — >■ 0, the commutator vanishes, and 
positions in different spatial directions behave indepen- 
dently and classically. It is interesting to ask what hap- 
pens if the scale ip is not zero, in particular if it is of order 
the Planck length, Ip ctp. The information density of 
geometrical states then agrees with holographic entropy 
bounds for gravitating systems, as explained below. 



Equation ([T]) is manifestly covariant: the two sides 
transform in the same way under the homogeneous 
Lorentz group, as a direct product of vectors. The alge- 
bra of the quantum position operators respects the trans- 
formation properties of corresponding coordinates in an 
emergent classical Minkowski space-time, in a limit where 
the operators are interpreted as the usual space-time co- 
ordinates. The theory itself thus defines no preferred 
direction in space. 

On the other hand, Eq. ([T]) is not translation in- 
variant. The commutator does depend on the position 
and 4-velocity of the body being measured, or equiva- 
lently, on the origin and rest frame of the coordinate 
system. We interpret this to mean that the commutator 
describes a quantum relationship between world lines that 
depends on their relative positions and velocities, but not 
on any other properties of the bodies being compared. The 
Hilbert space of quantum geometry depends on a causal 
structure defined by a choice of timelike trajectory [5], 
and the quantum-geometrical position state is defined in 
relation to a particular world line, the origin of the co- 
ordinates. Unlike a classical geometry, which is defined 
independently of any observer, the state of a quantum ge- 
ometry and indeed the definition of position are shaped 
by this choice, so they cannot obey translation invari- 
ance. As discussed below, if £p is of the order of the 
Planck length, this subtle new quantum effect would have 
escaped detection. 

Radial Separation Eigenstates 

The physical interpretation of Eq. ([T]) is most straight- 
forward in the rest frame of the body. In that frame, the 
4-velocity is = (1,0,0,0) so the non-vanishing terms 
of Eq. ([!]) are those multiphed by e^i^^A with A = 0. The 
remaining terms describe a noncommutative geometry in 
three dimensions: 

[xi,Xj] = Xke^jkiip, (2) 

where indices i, j, k now run from 1 to 3, and the oper- 
ators Xi correspond to positions at a single time, in the 
rest frame of the body. Eq. ^ describes a quantum- 
geometrical relationship between positions of two trajec- 
tories (or massive bodies) that have proper 3-separation 
Xk, and whose world lines have the same 4-velocity. 

The algebra in Eq. ([2]) defines a consistent quantum 
theory; indeed, it is the same as the standard quantum 
description of angular momentum, albeit in an uncon- 
ventional physical application. Here, position in units of 
a fundamental length £p takes the place usually assigned 
to angular momentum in units of h. The algebra itself is 
of course well known[TT], and leads to precise results on 
the properties of the quantum-geometrical system. 

For example, the operators obey the Jacobi identities 

[xi, [x.j,Xk]] + [xk, [xi,Xj]] + [xj, [xk,Xi]] = 0, (3) 
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which shows that in the non-relativistic Hmit (Eq. [2]), 
the effective quantum theory is self-consistent. Note that 
this conclusion does not require positing new quantum- 
geometrical commutators for the operators i^, or know- 
ing the Hamiltonian for the system. Usually the quantum 
conditions (Eq. [2]) are derived from a correspondence 
principle with classical Poisson brackets; here, they are 
derived from general considerations of covariance, since 
there is no classical system corresponding to the quan- 
tum geometrical degrees of freedom. As estimated be- 
low, in laboratory applications on a scale of ~ lO^^^p, 
the quantum geometrical transverse positions vary ex- 
tremely slowly (an equivalent of about 10~^®c), so the 
nonrelativistic approximation is excellent. 
Consider an operator 



(4) 



corresponding to the squared modulus of separation, 
analogous to the square of total angular momentum. In 
the same way that total angular momentum commutes 
with all of its components, the radial separation between 
trajectories behaves classically: 



(5) 



so that emergent causal structure, with light cones de- 
fined by jxp, has no quantum uncertainty. For any sin- 
gle direction — for example, a direction of a plane wave 
mode in field theory — the system behaves classically. It 
is only in comparison of positions in transverse directions 
that new quantum-geometric effects appear. 



Eigenstates and Uncertainty 

A body can be in a state of definite radial separation, 
and also definite position in any single direction. How- 
ever, a body cannot be in a definite position state in more 
than one direction, and this leads to a new kind of un- 
certainty that can also be understood from the angular 
momentum algebra. If a system is in a state of definite 
angular momentum in one direction, the components of 
angular momentum in the transverse directions are inde- 
terminate. Similarly, if a body is in a state of definite 
separation in one direction, the position components in 
transverse directions are indeterminate — in the macro- 
scopic limit, very slightly so. 

We adapt conventional notation used for angular mo- 
mentum. Let I denote positive integers corresponding to 
the quantum numbers of radial separation, analogous to 
total angular momentum. The separation operator takes 
discrete eigenvalues: 



\x\^\l) =l{l + l)£l\l). 



(6) 



We denote the eigenvalue corresponding to classical sep- 
aration hy L = + \-)tp. 



Now consider projections of the operator Xi. Let U 
denote the eigenvalues of position in direction i. In a 
state \l) of separation number Z, the position operator Xi 
can have eigenvalues in units of ip, 



l-i I ^ I 1 , . . . , Z , 



(7) 



giving 21 + 1 possible values. In an eigenstate with a 
definite value of position in direction z, 



Xi\l,li) = li£p\l,li). 



(8) 



Define raising and lowering operators for each direc- 
tion: 



X3± = Xi± 1X2, 



(9) 



with equivalent expressions for cyclic permutations of the 
indices. These can be used to show[TT| that for any i, 

= Xi+Xi^ + xj + Xi^ Xi^x.i+ - x^ + Xi. (10) 

Direct calculation (e.g., ref. |TT]) then leads to the follow- 
ing product of amplitudes for measurements of either of 
the transverse components Xj, with j ^ i: 

{k\x,\k-l){k-l\x,\k) = {l + k){l-k + l)£l/2, (11) 

again for any i. 



The left side of equation ( 11 ) can be interpreted as the 



expected value for the operator 

Xj\k - l){h - l\xj 



(12) 



for components with j 7^ i, in a state of definite Xi. 
For I >> 1 and li I, this corresponds to the expected 
variance in components of position transverse to separa- 
tion: 



(13) 



We conclude that position in any direction transverse to 
separation is indeterminate, with a variance given by the 



right hand side of Eq. (Ill in the limit of Z > > 1 



„2 \ _ 



[xp^Lip. 



(14) 



Transverse positions show the same kind of quantum 
indeterminacy as transverse components of angular mo- 
mentum in the nearly-classical, large-angular-momentum 
limit. The physical analog is measurement of a compo- 
nent transverse to the angular momentum vector; such a 
measurement reveals a superposition of transverse direc- 
tion states, with a range of eigenvalues. In our applica- 
tion, position can similarly have a definite value in the 
radial direction — corresponding to its classical value — 
but is indeterminate in the transverse directions. The 
new quantum-geometrical uncertainty increases with sep- 
aration, and at macroscopic separations, it is much larger 
than £p. 
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As usual in quantum mechanics, the state can be rep- 
resented by a wave function, and the commutator leads 
to an uncertainty relation between the variances of the 
wave functions of the conjugate variables. It can be de- 
rived from Eq.([2]) in the usual way, although the conju- 
gate variables are now positions in different directions, 
instead of angular momentum components in different 
directions. In the rest frame, the uncertainty relations 
for a body at positions x^. are 



AxiAxj > \xkeijk\f-p/2, 



(15) 



where Ax,- 



{\Xi 



|2\l/2 



represents the spread of the 



wave function in each direction about the expected (clas- 
sical) position Xi. Note that this result is consistent with, 
but less constraining than Eq. ( 14 ), which does not allow 



uncertainty to be squeezed out of one transverse direction 
and into the other. 



Number of eigenstates 

The geometrical position states have a discrete spec- 
trum. The number of position eigenstates within a 3- 
sphere of radius R can be counted in the same way as 
discrete angular momentum eigenstates, as follows. 

Recall that radial position has discrete quantum num- 
bers I. Using Eq. ([6]), the number Iji of radial posi- 
tion eigenstates for a radius R is given by Ir{Ir -I- 1) = 
{R/lp)"^. For each of these, from Eq. Q, there are 2^-1-1 
eigenstates of direction. The total number of quantum 
position eigenstates in a 3-sphere is then 

Ir 

^Q3s{R) = + 1) = InilR + 2) = {R/ipY, (16) 

1=1 



The number of position states for a massive body en- 
closed in a 3-sphere that entropically reproduces nonrel- 
ativistic Newtonian gravity (cf. [10], Eq. 3.10) is given 
by: 



UG3S{R)^MR/Ctp)' 



(17) 



with the usual definition of Planck time, dp — 



1.616 X 10 •^^m. Note that this is four times 



larger than the entropy of a black hole event horizon of 
the same radius. 

The quantum-geometrical and gravitational estimates 
agree, A/gss = Afaas, if the numerical value of the effec- 
tive commutator coefficient is 



£p = ctp/Vin. 



(18) 



If Eq. ( 18 1 holds, bodies in the space-time that emerges 



from the quantum geometry move as described by New- 
tonian gravity. 

As discussed below, an interesting and attainable ex- 
perimental goal is to detect or rule out a commutator 
with this value. From Eq. (14), the theory predicts 



quantum-geometrical uncertainty in physical units, 

{xD ^ Lctp/V^ = (2.135 X 10~^V)2(L/lm), (19) 

with no free parameters. Experimental consequences are 
discussed below. 

The numerical value of the coefficient in Eq. (191 is 



slightly lower (by a factor of \/7r/4) than the value pre- 
viously estimated by a different method, using a wave 
theory normalized to black hole entropy (Eq. 29 of ref. 
[7].) The value computed here is better controlled, be- 
cause the quantum and gravitational numbers both refer 
to the same physical system, a spherical 3-volume at rest 
with no curvature. 



where the last equality applies in the large I limit. Thus, 
the number of quantum-geometrical position eigenstates 
in a volume scales holographically, as the surface area 
in Planck units, instead of 3-volume, as it does for the 
eigenstates of a quantized field with a frequency cutoff. 



Normalization from Gravity 

Although gravity does not enter explicitly into any 
of the arguments here, it is natural to fix the physi- 
cal value of £p by equating the number of geometri- 
cal eigenstates with the number of states deduced from 
thermodynamic arguments applied to gravitational sys- 
tems. This property is expected for geometrical states 
in an emergent space-time capable of describing gravity 
entropically m Unj. An exact calibration is possible, be- 
cause the number of states in a 3-sphere can be counted 
exactly for both geometry and gravity. 



EMERGENCE OF LOCALITY 

The effect of the quantum geometry can be charac- 
terized as an uncertainty in angular position. Consider 
the quantum-geometrical variance in angular position of 
a body at separation L, from Eq. (14 1: 



{A0^) = {xl)/L^=ep/L. 



(20) 



Unlike the position uncertainty, the angular uncertainty 
decreases with separation. Classical geometry and local- 
ity thus emerge as excellent approximations to describe 
relative positions of trajectories with separations much 
larger than the Planck length. 

For any experimentally accessible scale, the deviation 
from classicality is fractionally negligible. However, as 
separations approach the Planck scale, directions become 
indeterminate. The classical approximation to geom- 
etry then breaks down, consistent with the idea of a 
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space-time emerging from a Planckian quantum system. 
That system does not resemble a traditional quantum- 
gravitational "space-time foam" with quantum equiva- 
lent of strong Planck scale gravity and virtual black holes, 
inspired by extrapolation of quantum field theory. In- 
stead, space-time positions, curvature and gravity only 
emerge as statistical behaviors on large scales. 



Transverse Fluctuations and Coherence 

The uncertainty describes properties of a wave func- 
tion in a stationary state that respects the symmetries 
of bodies at rest in Minkowski space. As usual, the wave 
function itself is not observed in any physical measure- 
ment, since it describes a superposition of histories and 
position states. Instead, the spread of the wave function 
manifests as random results, or noise, in a time series 
of nonlocal position measurements in more than one di- 
rection. The effect of the uncertainty on measurements 
of position is constrained by requiring the system to ap- 
proach standard physics in the macroscopic limit. 

The state described by the geometrical wave function 
cannot independently describe the trajectories of individ- 
ual particles, since that would result in unacceptable, lo- 
cally measurable fluctuations dependent on an arbitrary 
choice of origin for the coordinate system. However, the 
uncertainty is consistent with emergence of locality on 
large scales, if the quantum-geometrical deviations from 
a classical trajectory are entangled coherently and non- 
locally, so that all matter in a small region (where "small" 
means much smaller than L) shares approximately the 
same deviation Xi — Xi in an actual position measure- 
ment. Colloquially, we can say that matter which is 
close together, moves together. In a Copenhagen inter- 
pretation of quantum mechanics, one would say: The 
geometry "collapses" into the same state for all events 
on the same null surfaces defined by the causal diamond 
of the observer. This interpretation is consistent with 
the classical approximations used to interpret Eqs. ([l]): 
the quantum operators refer to a collective position and 
4-velocity of an arbitrary assembly of mass-energy in a 
compact region of space, and average over time to the 
mean classical space-time position, as long as the region 
is much smaller than L. 

With this interpretation, the positional quantum states 
of bodies in emergent space-time possess a new kind of 
nonlocal coherence not describable by states of standard 
quantum theory in classical space-time. The coherent en- 
tanglement of geometrical position states creates a new 
correlation in the mean positions of otherwise separate 
bodies — including an in-common, coherent quantum- 
geometrical deviation from their classical trajectories. 
Nonlocal entanglement of position states is perhaps the 
strangest feature of this quantum geometry, but appears 
to be required in order that the number of position states 



not exceed the holographic gravitational bound. Because 
of the coherence, neighboring elements of an apparatus 
fluctuate together, even if there is no physical connection 
between them apart from relative proximity. 

The decoherence of position states in space and time — 
the deviation from noiseless classical behavior — is given 



by the uncertainty amplitude in Eq. (14 1, where L cor- 



responds to the separation of the elements and L/c the 
timescale of the variation. Put another way, the direc- 
tion to a distant body fluctuates slowly about its classi- 
cal value with variance given in Eq. (20 1. To detect the 



effect, an apparatus must compare positions of compact 
bodies over an extended region of space in more than one 
direction, over a duration comparable to its size. Over 
longer durations, the fluctuations are smaller, as posi- 
tions average to their classical values. 



EXPERIMENTAL TESTS 
Particle Experiments 

The purely transverse character implies zero quantum- 
geometrical uncertainty — equivalent to a classical 
geometry — for measurements of position that involve 
interactions with particles propagating in only a single 
direction. This behavior is different from fluctuations or 
dispersion caused by gravitational waves or quantized- 
metric fluctuations. It applies even over cosmic distances, 
so the theory is unconstrained by studies of light from 
distant sources that constrain some forms of Planck-scale 
Lorentz invariance violation. fT^, TS] 

The predicted fluctuations 7J, while much larger than 
the Planck length, are too small to detect with labora- 
tory position measurements of small numbers of atoms or 
molecules. Indeed, standard quantum uncertainty dom- 
inates geometrical uncertainty for small masses. The 
standard quantum limit {14] for the variance in a body's 
position difference measured at two times separated by a 
duration r, 



Aa;' 



SQL 



{{x{t) - x{t + T)f) > 2hT/m, 



(21) 



is greater than the quantum-geometrical position vari- 
ance (Eq. 191 at separation |a;| — ct if the mass m of 
a body satisfies m < 4-y/7rmp, where mp = h/c^tp = 
2.176 X 10~^g denotes the Planck mass. 

Quantum-geometrical uncertainty is therefore negli- 
gible on the mass scale of Standard Model particles 
(< 10~^^mp), which accounts for why classical space- 
time is such a good approximation for systems involv- 
ing small numbers of particles, and why standard theory 
agrees so well with precision tests in microscopic experi- 
ments. The space-time even in a single « TeV'' collision 
volume encompasses « 10^^ degrees of freedom, and de- 
tectors do not have sufficient precision to detect the pre- 
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dieted tiny deviations from the phase space of quantized 
field modes in a classical geometry. 



Interferometry 

Detection of the quantum-geometrical uncertainty re- 
quires a nonlocal, bidirectional experiment, that mea- 
sures relative positions of bodies on at least three widely 
separated world lines, with time sampling comparable 
to their separation. It can best be distinguished from 
other noise sources by measuring mean positions of large 
assemblies of particles, that is, massive bodies such as 
mirrors. 

The most promising experimental test comes from pre- 
dicted noise in interferometer signals. A Michelson in- 
terferometer creates a coherent state of many photons 
spatially extended along two macroscopic arms.|14j The 
measured signal from the interfered light depends on po- 
sitions of three mirrors, a beamsplitter and two end mir- 
rors, at three different times separated by the arm length 
L. The world lines of the mirrors are widely separated 
in two directions, so quantum-geometrical position un- 
certainty of the beamsplitter relative to the end mir- 
rors leads to noise, or fluctuations in the signal. Po- 
sition fluctuations with variance given in Eq. (19), and 
L/c, create noise with calculable statistical 



timescale t 

properties. [7J In a standard Michelson interferometer, the 
power spectral density of position noise in conventional 
units (variance of fractional arm length difference fluctua- 
tion per frequency interval) , at frequencies low compared 
with c/L, is given approximately by the Planck time: 



cL 



tp/y/A^ ^ (1.23 X 10"22Hz~^/^)2. (22) 



Care must be taken in using quoted limits, since the 
quantum-geometry effect on the signal depends on the in- 
terferometer layout in ways that significantly differ from 
gravitational wave response. [i7| However, it is clear that 
existing interferometers! 15] already rule out such fluc- 
tuations for commutators significantly larger than the 
Planck scale. 



If two separate interferometers have mirrors in nearly 
the same positions, separated by much less than L, their 
geometrical position states are entangled, so fluctuations 
in their signals are correlated in a known way [7], depend- 
ing only on the experimental configuration. An experi- 
ment based on this specific signature, currently under 
construction at Fermilab,[TS] is designed to achieve the 
required Planckian sensitivity to detect the fluctuations, 
or to convincingly rule them out. The theory here sug- 
gests that the outcome of this experiment could shed light 
on the emergent origin of classical locality and gravity 
from a Planck scale theory. 
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